Prader-Willi syndrome (PWS), the most common genetic cause of marked obesity in humans, is usually due to a de novo paternally derived chromosome 15q11-q13 deletion or maternal disomy 15 [(uniparental disomy (UPD)]. Obesity is due to energy imbalance, but few studies have examined fat patterning and obesity-related factors in subjects with PWS (deletions and UPD) compared with subjects with simple obesity. We examined for differences in fatness patterning and lipid, leptin, and glucose and insulin levels in subjects with simple obesity and PWS and adjusted for gender, age, and body mass index (BMI). Fasting peripheral blood samples and cross-sectional magnetic resonance image scans at the level of the umbilicus were obtained in 55 subjects ranging in age from 10.4 to 49 years: 20 PWS deletion, 17 PWS UPD, and 18 obese controls. Subcutaneous fat area (SFA) and intra-abdominal visceral fat area (VFA) were calculated. No significant difference was seen between the PWS deletion subjects or PWS UPD subjects for fatness measurements or leptin levels. Twenty-three of 37 PWS subjects met the criteria for obesity (BMI > 95th percentile). No significant differences were observed for SFA and VFA between the PWS subjects judged to be obese and control subjects with simple obesity. There was an overall trend for decreased VFA in the PWS subjects but not significantly different. VFA was significantly positively correlated with both fasting insulin and total cholesterol in PWS deletion subjects but not in PWS UPD subjects or obese controls. Fasting insulin level was significantly lower in the obese PWS subjects compared with subjects with simple obesity, and insulin sensitivity (QUICKI) was significantly higher in PWS subjects with obesity. Homeostasis model assessment (HOMA) and QUICKI values were correlated and in opposite directions with triglycerides in the obese PWS subjects but not in the obese controls. Subjects in each group were stratified according to published criteria on the basis of their level of visceral fat (e.g. ! 130 cm 2 ) to assess the influence of VFA on metabolic abnormalities. In the obese PWS subjects, the fasting triglyceride, glucose, and insulin levels, and HOMA value were significantly elevated, while the QUICKI value was significantly lower in those with VFA ! 130 cm 2 . Such significant differences were not seen in the obese control group. Our results indicate that VFA may be regulated differently in PWS subjects compared to individuals with simple obesity. Insulin resistance is lower in PWS subjects and insulin sensitivity is higher compared with obese controls. PWS subjects with increased VFA may be at a higher risk of obesityrelated complications compared to PWS subjects without increased VFA.
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with feeding difficulties during infancy followed by hyperphagia and early childhood obesity. PWS is considered the most common genetic cause of marked obesity in humans (4) , and understanding obesity in this syndrome may yield useful information for those in the general population with obesity. Approximately, 70% of subjects with PWS have a de novo paternally derived chromosome 15q11-q13 deletion, while 25% have maternal disomy 15 [(uniparental disomy (UPD)], and the remaining subjects have an imprinting defect.
The development of obesity requires an energy imbalance with the rate of triglyceride synthesis and fat storage exceeding that of fat mobilization and utilization. The massive accumulation of adipose tissue observed in PWS and the unusual fat patterning (8) suggest abnormalities in fat mobilization and oxidation or triglyceride synthesis and storage. Furthermore, the unusual distribution of body fat observed in PWS subjects with marked obesity remains after weight loss (9) , but excess fat continues even though normal weight is achieved. Sex reversal fat pattern is seen in PWS subjects with males having greater subcutaneous fat area (SFA) compared with females, beginning at an early age (8) .
Plasma lipid profiles are reported to be similar in subjects with PWS compared with obese controls (10, 11); however, circulating free fatty acid levels are elevated in PWS (10, (12) (13) (14) . In addition, fatty acid composition of adipose tissue triglyceride is atypical in PWS individuals compared to obese controls (15, 16 ). An early study of fat utilization and transport suggested no irregularities in PWS (13) , although adipose tissue lipoprotein lipase activity was reported to be increased in PWS suggesting an increased efficiency of triglyceride storage (17) . Furthermore, individuals with PWS have smaller fat cell numbers but greater fat cell size compared to individuals with simple obesity (18, 19) . Hence, the excessive fat accumulation along with an unusual fat patterning in PWS may result from defects in fat metabolism or nutrient partitioning.
The health risks of obesity (such as the predisposition to diabetes, hypertension, musculoskeletal, and cardiovascular diseases) are related not only to the amount of total body fat but also to regional fat distribution. Specifically, individuals with a significant accumulation of intra-abdominal visceral fat are particularly at risk of obesityrelated complications (20) . The increase of visceral fat plays an integral role in the development of insulin resistance, glucose intolerance, and hyperlipidemia in obese subjects without PWS (21) . Additionally, other studies have found that visceral adipocytes, which express higher glucocorticoid-binding capacity and chronic stress, may contribute to the deposition of intra-abdominal fat and insulin-glucose homeostasis (20) . Because of an unusual fat patterning and the known predisposition to type 2 diabetes in subjects with PWS (7), we sought to determine whether individuals with PWS differ from subjects with simple obesity in terms of body composition, absolute or relative amounts of intra-abdominal visceral fat compared with peripheral fat, insulin resistance, leptin, and lipid data. In addition, few previous studies have examined fat patterning and insulin resistance in PWS individuals of all ages with the 15q deletion or UPD.
Subjects and methods Subjects
Fifty-five subjects were studied including 20 PWS deletion [nine males (eight Caucasian, one AfricanAmerican), 11 females (all Caucasian), average age of 22 years], 17 PWS UPD [nine males (eight Caucasian, one Hispanic), eight females (seven Caucasian, one Hispanic), average age of 24 years], and 18 non-syndromic subjects with obesity of unknown cause [eight males (six Caucasian, two African-American), 10 females (nine Caucasian, one African-American), average age of 26 years with an age range of 11-49 years] compared with an average range of 10.4-44 years for all PWS subjects. The subjects were recruited for genotype-phenotype studies in PWS following informed written consent. All subjects were examined by a clinical geneticist (Merlin G Butler). No subject was on growth or thyroid hormone treatment. Three of the 18 subjects with simple obesity and five of the 37 PWS subjects had a history of diabetes mellitus but were not currently on insulin or oral hypoglycemic agents.
The presence of the 15q11-q13 deletion was identified by fluorescence in situ hybridization using 15q11-q13 probes (e.g. SNRPN). All PWS subjects showed abnormal methylation testing with polymerase chain reaction (PCR) analysis consistent with the diagnosis of PWS. The presence of maternal disomy 15 or UPD was determined by PCR using established methods with polymorphic DNA microsatellites from the chromosome 15q11-q13 region (22, 23) . Height to the nearest 0.1 cm and weight to the nearest 0.1 kg were obtained for each subject in the clinical setting. Waist circumference was obtained to the nearest 0.1 cm with a steel tape measure at the umbilicus level in the standing position. The hip circumference was obtained to the nearest 0.1 cm at the greater trochanter level. The body mass index (BMI), used to define obesity, which is equal to weight in kilograms divided by height in meters squared, was calculated for each subject. For adult subjects (!18 years of age), obesity was defined as BMI ! 30. For subjects less than 18 years, obesity was defined as BMI > 95th percentile using published standardized growth charts for each sex (24) .
Fat determination
Regional fat distribution (fat patterning) was determined using T1-weighted magnetic resonance images (MRIs) acquired on a commercial clinical MRI scanner (SP63, Siemens Medical Systems, Erlanger, Germany). The quantity of abdominal subcutaneous and visceral adipose tissue was determined from cross-sectional abdominal MRI scans ( Fig. 1) at the level of the umbilicus (fourth lumbar vertebra) and converted to pixels representing background, lean and fat tissues using established protocols (25, 26) . Crosssectional SFA and visceral fat area (VFA) in the supine position were calculated by the number of fat pixels divided by the sum of fat and lean pixels providing the fractional volume of fat tissue determined within the MR slice (25, 26) . The fat (SFA : VFA) ratio was calculated on each subject. Furthermore, obese subjects in both groups (PWS and controls) were stratified based on their measurement for VFA using VFA value of 130 cm 2 as a cutoff, as reported by Despres (27) . An area of approximately 130 cm 2 was found as a critical level for visceral adipose tissue, above which an increased risk of metabolic abnormalities was detected in both Caucasian men and women from the general population (27) .
Laboratory testing
Fasting (6-12 h) peripheral blood samples were collected from the subjects in ethylenediaminetetraacetic acid vacutainer tubes and the plasma stored at À70
C for assay at a later time. Standard enzymatic assay kits (Sigma Chemical Co., St. Louis, MO) were used to measure total plasma cholesterol and triglyceride levels. Fasting plasma glucose levels were calculated by the oxidase method (Glucose Analyzer II, Beckman Instruments, Fullerton, CA). Plasma insulin and leptin levels were measured utilizing doubleantibody radioimmunoassay methods (28, 29) . Assessment of insulin resistance using the homeostasis model assessment (HOMA) was calculated as described elsewhere (30) using the following formula: HOMA [fasting glucose (mg/ dl) Â fasting insulin (mU/ml)/405]. The insulin sensitivity index or QUICKI, defined as 1/[log (I 0 ) þ log (G 0 )], where I 0 is fasting insulin and G 0 is fasting glucose (31), was also calculated for each subject.
Statistical analysis
Overall differences in clinical, fatness patterning, and obesity-related variables were identified among the subject groups by utilizing the univariate analysis of variance (ANOVA) to examine for the impact of age, gender, and BMI as confounders. Parametric independent t-test was used when no adjustment was needed for specific variables (e.g. age). The Pearsonian correlation coefficient (r) was calculated to determine relationships between the variables. Correlation data were plotted using a simple scatter plot to observe for differences and pattern of association among the variables in the two subject groups. The SPSS statistical software version 10.1 was used throughout (32) . All p values were taken as significant at <0.05. Table 1 presents clinical, anthropometric, fatness, and laboratory variables for the two studied groups (PWS and obese control) and includes means, standard deviations, and sample size. Twenty-three of the 37 PWS subjects (62%) were obese based on BMI calculations (Table 2) . Clinical characteristics of the PWS group determined to be obese were compared with control subjects with simple obesity and BMI calculations in the obese range. No statistical differences were detected in the average measures for BMI, triglyceride, cholesterol, leptin, glucose, SFA, VFA, fat (SFA : VFA) ratio, waist or hip circumferences, and waist-to-hip ratio in the obese PWS group compared with obese controls. However, SFA, subcutaneous fat area; VFA, visceral fat area. a Significant difference was found between all PWS (obese and non-obese) and obese control subjects (t-test, p < 0.01). b Significant difference was found between all PWS (obese and non-obese) and obese control subjects (ANOVA, p < 0.01). c Significant difference was found between PWS deletion and PWS UPD groups (ANOVA, p < 0.05). d Significant difference was found between all PWS (obese and non-obese) and obese control subjects (ANOVA, p < 0.05). subjects with PWS were shorter as expected and weighed less than the obese controls (ANOVA, p < 0.01). In addition, fasting insulin values were significantly lower for all PWS subjects (obese and non-obese) or the obese PWS subjects alone compared with obese controls (ANOVA, p < 0.01). Insulin sensitivity (QUICKI) index was significantly higher in all PWS subjects (obese and non-obese) or the obese PWS subjects alone compared with obese controls (ANOVA, p < 0.05 and p < 0.01, respectively). Fasting triglycerides were also lower in the total PWS group (obese and non-obese) compared with obese controls (ANOVA, p < 0.05) but did not reach significance when comparing only obese PWS subjects with obese controls (ANOVA, p ¼ 0.10). When only adult subjects were compared between the two groups (PWS subjects with obesity, n ¼ 13; obese controls, n ¼ 10), lower triglyceride and insulin levels as well as higher QUICKI values were found in the obese PWS adults compared with obese control adults (ANOVA, p ¼ 0.04, p ¼ 0.02, and p ¼ 0.04, respectively). Such differences were not detected for subjects less than 18 years of age (PWS subadults with obesity, n ¼ 10; obese subadult controls, n ¼ 8).
Results

Statistical comparison between subject groups
In addition, subjects in both obese groups (PWS and controls at all ages) were grouped separately based on their VFA level: !130 and <130 cm 2 as described elsewhere (27) . The subject distribution in each group after applying VFA stratification was as follows: obese control (VFA ! 130 cm The presence of a cluster of metabolic abnormalities was found within each stratified group. In the control group, no significant differences were detected in the subjects with VFA ! 130 cm 2 compared with the subjects with VFA < 130 cm 2 . However, in the obese PWS group, fasting triglyceride, glucose, insulin, and HOMA measurements were significantly increased in the subjects with VFA ! 130 cm 2 compared with the PWS subjects with VFA < 130 cm 2 . As expected, the insulin sensitivity index or QUICKI was significantly lower in the PWS subjects with VFA ! 130 cm 2 , but no significant differences were found for leptin and total cholesterol (Table 3 ).
All 37 subjects with PWS were classified into the two genetic subtypes: deletion and UPD (Table 1) . Waist-to-hip ratios were significantly lower and hip circumferences were higher in the PWS deletion subjects compared with the PWS UPD group (ANOVA, p ¼ 0.04 and p ¼ 0.03, respectively). When only PWS adult subjects (PWS deletion, n ¼ 13; PWS UPD, n ¼ 12) were compared, a trend was detected for waist-to-hip ratio, but hip circumferences were still significantly higher in the PWS deletion subjects (ANOVA, p ¼ 0.06 and p ¼ 0.01, respectively).
Correlation analysis in obese subjects with PWS and obese controls
The HOMA value was positively correlated with both triglyceride and cholesterol levels in the obese PWS subjects, but these correlations were not significant for the obese controls. No significant correlations were observed when comparing HOMA with leptin in either obese group (Fig. 2) . In addition, HOMA was positively correlated with VFA and negatively correlated with fat ratio (SFA : VFA) in the obese PWS group, but no significant correlation was seen between HOMA and SFA or with BMI in the obese PWS group (Fig. 3) . The p value was equal to 0.05 for the correlation between HOMA and waist-to-hip ratio in the obese PWS group. These correlations were also analyzed in the obese control group, and positive correlations were found between HOMA and both SFA and VFA but absent when insulin resistance or the HOMA value was correlated with fat ratio. Furthermore, HOMA was positively correlated with BMI in the obese controls. No significant association was noticed between HOMA and waist-to-hip ratio in the obese control group (Fig. 3) .
Correlation analysis in PWS genetic subgroups (deletion and UPD)
Correlation values for obesity-related factors in PWS genetic subgroups are summarized in (HOMA) ] and triglycerides, cholesterol, and leptin for both obese subjects with Prader-Willi syndrome (PWS) (solid line) and obese controls (dashed line). Obesity was determined for each subject using body mass index (BMI). For adult subjects (!18 years of age), obesity was defined as BMI ! 30. For subjects less than 18 years, obesity was defined as BMI > 95th percentile using published standardized growth charts for each sex (24) . Table 4 . Total cholesterol levels were positively correlated with glucose, triglyceride, and VFA in the PWS deletion group only. Strong positive associations were seen in the controls between insulin level and weight, BMI, and SFA, but no associations were identified for either PWS genetic subgroup. In contrast, strong correlations were found between insulin level and both VFA and SFA : VFA ratio in only the PWS deletion subject group but not in obese controls and UPD. Both VFA and triglyceride levels showed positive correlations with age of subject in the obese control group but not in the PWS subject groups. PWS deletion and PWS UPD subjects showed a significant positive correlation for glucose and triglyceride levels but not for the obese subjects. There was a significant positive correlation between insulin and glucose for the PWS deletion group only but not for the PWS UPD or obese control subjects. Insulin and triglyceride levels were significantly positively correlated for PWS deletion subjects but not for PWS UPD or obese subjects. The PWS deletion group showed a significantly positive correlation for insulin and total cholesterol levels, but this association was not found in the PWS UPD or obese subjects.
Gender differences
The impact of gender differences on each studied variable was also examined in each obese subject group. In the control group, as expected, males were taller than females. No significant differences were seen between obese PWS males and obese PWS females for the analyzed variables. We also sought differences in body composition and obesity-related variables within and between the two obese groups (PWS and control) based on gender. Overall, obese PWS males (n ¼ 12) were significantly shorter and weighed less than the obese control males (n ¼ 8) (ANOVA, p < 0.01). In addition, obese PWS males (n ¼ 12) had significantly lower triglyceride levels than the obese control males (n ¼ 8) (ANOVA, p ¼ 0.02). Height was significantly shorter in the obese PWS females compared with obese control females. In addition, insulin levels were significantly lower while insulin sensitivity (QUICKI) was higher in the obese PWS females compared with obese control males (ANOVA, p ¼ 0.01 and p ¼ 0.02, respectively).
Discussion
Abdominal obesity has emerged as a strong predictor for non-insulin-dependent diabetes mellitus. Adiposity, localized in the abdominal region, specifically visceral fat compared with subcutaneous fat, is associated with high lipid levels (20) . Elevated very low-density lipoprotein levels and decreased high-density lipoproteins are also influenced by fatness patterning in the general population. However, there is a paucity of data on fatness relationships with lipid and other obesity-related variables in PWS, particularly those classified with the 15q11-q13 deletion or UPD. Moreover, an unusual fatness pattern has been reported in PWS (8, 33) , further supporting our study.
In addition to investigating differences in obesityrelated factors between PWS subjects with obesity at the time of evaluation and obese controls, we examined general differences between all PWS subjects (regardless of their obesity status). These comparisons were performed to determine whether a relationship exists between the obesity status in PWS and obesity-related variables. However, no significant differences were detected when comparing these variables [i.e. leptin, triglycerides, cholesterol, glucose, insulin, HOMA, and QUICKI as well as fat (SFA : VFA), and waistto-hip ratios] between obese and non-obese PWS subjects (data not shown).
The fasting insulin level was significantly lower and insulin sensitivity was higher in obese PWS subjects compared with obese controls. A significantly positive correlation was detected between HOMA and triglycerides in obese subjects with PWS but not observed in obese controls. Butler et al. (11) reported previously fasting plasma lipid (triglycerides, total cholesterol, HDL cholesterol, and LDL cholesterol), glucose, and insulin levels from 16 PWS deletion, 10 PWS non-deletion or UPD patients (age range of 7-39 years with a male/female ratio of 14 : 12), and 32 obese subjects, ranging in age from 8 to 33 years with a 6 : 26 male-to-female ratio, and found no significant difference in the levels of both insulin and triglycerides in PWS and obese individuals (11) . HOMA was also positively correlated with VFA but not correlated with SFA in the obese PWS group, which resulted in a negative correlation between HOMA and fat (SFA : VFA) ratio. A positive correlation was seen between HOMA and both VFA and SFA in the obese controls. In addition, stratified VFA data showed differences in the cluster of metabolic abnormalities in relation to VFA between the two obese groups. The observed differences between obese subjects with PWS and obese controls further suggest that fat metabolism might be regulated differently in PWS compared to simple obesity.
Moreover, previous studies have found that peripheral fat distribution is more prevalent in PWS subjects (34) , which may also impact on insulin resistance or insulin sensitivity. Earlier studies on PWS adult females have shown a selective reduction in visceral fat, which may explain the observed reductions in insulin via increased hepatic insulin extraction and triglyceride levels (26) . We did not identify significantly reduced visceral adiposity in PWS adult females as noted in the literature (26) , but a trend did exist for a lower quantity of visceral adiposity in PWS compared to obese controls. For example, the level of visceral adipose was lower (136 vs 154 cm 2 , respectively) in our adult females with PWS (n ¼ 6) compared with adult female controls (n ¼ 6), but not statistically different. The amount of VFA or SFA (or fat ratio) did not differ significantly between obese control and obese PWS groups. However, our obese control group showed a higher percentage (39%) with VFA ! 130 cm 2 compared with our obese PWS group (30%). In our study, visceral fat was measured at the umbilicus level (at fourth lumbar vertebra), while Goldstone et al. (26) calculated visceral fat at the fourth and fifth lumbar area. In addition, we found lower insulin levels in obese PWS females compared with obese control females and higher QUICKI indices in the PWS females. Additionally, lower triglyceride levels were found in obese PWS males compared with obese control males. These observations support fewer health-risk factors in the PWS population.
We assessed for differences between the two subgroups of PWS (deletion and UPD) and found that waist-to-hip ratios were significantly lower and hip circumferences were higher in subjects with PWS deletion compared with PWS UPD. Furthermore, correlation analyses for obesity-related factors revealed differences between the two genetic subgroups. For example, significant positive correlations were seen between cholesterol and glucose, triglycerides, and VFA in the PWS deletion subjects, but these correlations were absent in the PWS UPD group (with relatively similar sample size). Therefore, the results may suggest differences in mechanisms relating to fatness patterning between the two genetic subgroups of PWS (deletion and UPD).
Although the average age for the PWS subjects in our study was 22 years, a previous study demonstrated significantly low-insulin levels in pediatric PWS subjects, which may be attributed to differences in insulin metabolism in obese PWS subjects compared with obese non-PWS controls (11, 34) . Additionally, the same study found that the adult PWS group had lower insulin levels, even though not statistically significant, compared with both non-obese and obese controls (34) . In the current study, lower triglycerides and insulin levels as well as higher QUICKI values were detected in the obese PWS adults compared with obese control adults. However, these differences were not evident for subjects less than 18 years of age. A small group size or effects of aging could be a factor in these observations.
Fatness patterning and quantity of fat or fat ratio may impact differently on insulin and lipid profile in each subject group and may be a protective factor with lower insulin resistance and lower insulin and lipid levels in PWS. Insulin resistance and sensitivity measurements and their relationships to obesity-related variables were more favorable in the PWS group compared to obese controls. Thus, the chronic, long-term status of obesity in PWS seems to not impact as negatively on obesity-related factors as found in subjects with simple obesity. Following the VFA stratification reported by Despres (27) , individuals with PWS with VFA ! 130 cm 2 were found to have similar levels of insulin resistance and insulin sensitivity compared to obese controls with the same level of VFA. However, those PWS subjects (males and females) with lower VFA (<130 cm 2 ) had significantly less insulin resistance and more insulin sensitivity than in the obese subject group. This observation would suggest that those PWS subjects with increased VFA may be at a higher risk of obesity-related complications compared to PWS subjects without increased VFA and should be monitored accordingly.
The results from our study were interpreted after adjusting for age, gender, and BMI to reduce the probability of skewed results generated by these factors which may contribute to differences in metabolic traits. Small sample size and multiple statistical tests may impact on the interpretation of results; therefore, additional studies with larger sample sizes would be recommended to further address possible factors identified contributing to obesity and obesityrelated variables in PWS and obese subjects from the general population.
